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FUNDAMENTAL CORROSION STUDIES

IRIRODUCTICH
The significant and completed investigations conducted under Contract
Bonr-495(11) during the period February 1, 1956, through Janusry 31, 1961,
heve been published and vresented as technicel reports.

A limited but informative investigation of pitting corrosion eppeers

in Report Fos. 17 and 18 and is summarized in Report No. 19.
Part I of this report includes a detailed discussion of the completed
study of stress-corrosicn cracking of the magnesium-bese, J-1, elloy.
Pest II presents & swxmery of the incoxpleted work on the stress corrosica
of austenitic stainless steel by 4OOCF chloride containing weters and, in
perticular, the role of corrosion product in the stress-corrosion mechanisnm.
A iist of the quarterly reports and %ecixical publicaticus resulting
under this study is shown in the back of thie report.

.
o ®

3 mmw-mmmmm—w_

DLW AMTIES A (ST L QIR AR AL
N .

AN S n b ey
et oA e b 3) 0

B e N e T o ——— =




e e n e e e s e e A WA A e~ T A AT T RIS Ml £ Y

PART I. STRESS CORROSION CRACKIRG OF MAGNESIUM-BASE
ALIOY, J-1, BY SALT-CEHROMAAE SOLUTICH

A. INTRODUCTION

Stress-corrosion is cracking that occurs under the combined action of
a tensile siress and & corrosive medium which is ordinarily selective in
its attack of the metel. Comsiderzable emounts of work nave dbeen directed
toward understending the mechanisms involved in this phenomenon. It is
generally eccepted that intergrenular failure is en electrcchemical rrocess,
but the mechanisn of transgrapular feilurse is uncaricin

This investigetion was undertaxen to study the stress-corrosiop of e

regnesiun-64 alumimm-1$ zine alloy in & sodiun chloride-potassium chromate

soiutfm. A considerable amount of work has been dcne on this alloy,
pricarily because it can conveniently be mede to fail in either & frans-
gramular or intergramuler msnner end in e short time.

The effects of iron content, heat treatment, and grain size sre the
most important subjects investigated. Corrosion currents in both trans-
grenmular end intergranuler stress-corrosion ere discussed. Microscopic

exsninetions aad sound pickup epperatus were utilized es well. The effects

of stress level, nechanical properties, time under lcad, pH, and surfece
treatment are also discussed.

B. SUMMARY AWD COBCLUSIORS
A stiudy of the stress-corrosion cracking or a magresiuz-6% aluminuz-1%
zinc alloy was mede in a salt-chromate sclution. A motion picture of the

stress-corrosion process was filmed.
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The conclusicns drawn froo this investigetion &re &8 follows:

a. Traosgramuler stress-corresioz takas plsce by s
mechanisn vhich consists of elteraste steps of
electrochexical and mechenical ectdoms., Corresion
{ | ausrent measurements, crack sdvsnce rates, and >
P ! associated sound levels are all disecntimusus. L5
g Material vhich if susceptible to trsmpegranuier g
l fedlyre is inherently moye brittls:, All ¢f these .
facts indicate WSz transgramular fsilure is e
brittle, discorntinmuous, and predsz=ipently mechan-
i ical precess. A mechanian is proposed vharedy

|
eiectrocherzicel ntiack initiatee cracking bub . 8 !
rittle mechenicsl failure causes most of the = |}
destructive scticn. T |

l b. Streas-corrosion currents sre roughly proportionsl
i . 2pplied stress in the lestic renge.

‘ ¢. Uniforzmity of surlace prep=ration is 2 ¢ritical l E :
fecter in the reproducibility of corrosiom cuwrrent ] B
pessurepents. Inccoplete prevaratior results in )
. a8 oore corplex electrochemical system.

d. Higher iron content, lexzer grain size. snd water
quenching 81l promote transgrasular etteck. It
i3 believed thet these effects are &1l associated
vith a blocking of dislocatiocr moverent by e Feil
precipitate within the grains which proootes britile
pechanical feliure.

s e. Intergramilar stteck is essociated with the forzation
. of ¥g:7Aly0 at grain bounderies. Thie precipitate is

: prozoted by furnzce codling from soluticn heat treat-
. ment terperatures.

f. The effect of pd has no effect on whether siress
corrosicn is transgramular or intergranuiar vbhen
specimens with lerge grain sizes are used. Large
grained specizens elways fail in & transgramilar
manner.

-y

- g- ©Specirmens ¥hich ere stressed for long periods of +ime
v under conditions vhich precent faxmatica of a surfuce
£11n do not feil when exposed to the sslt-chrocate
solution. This effect is attributed ¢o stress relsxa
tion associated with creep.

: : h. The cheracteristics of the two types of feilure are i '
’ the seme regsrdlese of whether copstand lozd or
constant deflection technicues of siressing are used.
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C. PROC""..RE AFD APPARATUS
1. Preperation of Specimens |

213 material used in this investigation of stress corrosion was
the megnesium-base elloy designated Dowmetal J-1 or AST™™ Alloy Bo. AZA11.
The alloy wes donated by the Dow {hemicel Coxpany. Two producticn lots
were used, with compositions es shown in Teble 1. It may be noted that 5
the cnly epprecieble differences ere the higher aluminum and iron contenis
of Lot Fo. bk.

In all cases except where noted, specimens 3/16 x 3/16 x k172
inches were mechined froo a rectanguler extruded ber with an original
cross-section of 1/4 x 3/% inch. Ho prior heat treatment was utilized.

Solution-annea: heat treatzments were given ell specimens. ZHeat
treatmeats consisted of heeting at 650, 800, or GOOCF for 24 hours followed
Yy furnace coaling or guenching in water. The S800°P treatment was utilized
to obtain large grains. The 900CF treatment wes used in conjunction with
a orior cold-working opesetion of 5% reducticn in area by longitudinal
rolling and produced single crystels or bi-crystels across the width of
“he specimens. Specimens for both the 00 and 900°F heat treatoents were
sealed in Pyrex gisss capsules to prevent excessive oxidation.

Fetallogrephic preparetion of the specimens for microscopic
exaninaticn was &8s follows. The specirens were abraded on 240, kD0, =nd

€3¢ grit silicon carbide papers. The specimens were then tashed apd

initially polished on & medium speed wheel with ILinde "B” on a Buehler i
Pinsl polishing
vus d~e on a cediun speed vbeel with ¥zC on a Buehler Microcloth, again

Filten T polishing cloth using water a8 & lubricant.




using water as a lubricant. The specimens were etched with a modified
pleric-acetic etch composed of 6 g picric seid, 150 rl ethenol, 18 ml
ecetic acid, and 17 ml of dietilled water.
2. Experimentel Apparatus

The experimentel apparatus used in this investigation is showm
in Pig. 1. Unless otherwise indicated, 811 specimens were streseg2d in a
holder constructed of iynthane, an elecirically insulating materiel. A
pictorial representation of a spscimer moimted in the holder is skown in
Fig. 2. The distence between the end supports of the specimen holder is
four inches. The stress in the cuter £ibers of the specimen 2t ike point
of meximm stress is proporticonel to the sorunt of aeflzction. An approxi-

mate value of stress is calculated from the eguatica:

S = L2VEE
12

where S is the stress, y is the deflectior in inches, B is Young's modulus,
C ie half the speciren width and L is the specimen length in inches.

After stressing, the specimen end holder were pleced in s con-
tainer of the corrosive medivm which was stieched to e nicrometer travel-
ing stege under the microscope. ZXlectricsl connections for the measurement
of corrcsion currents generated between the siressed specimen (anode) and
en unstzessed specizen of the J-1 alloy (cathode) are shown in Fig. 2. Toe
microscope permitted efther ddrect visual observaticn or motion picture
microscopy to be used.

In eddition, & cezrercielly availsble sound detection mnilt wes

used to record the scunds of the stress-corrosion process. The it cone

sisted of a 1/4-inch diameter metellic prcbe 10 inches long, a crystal
5




microzhone which vas parmenently attached to ore end of the probe, and a
high-gain, low-noise erplifier. The tip of the probe was in contact with
the speciren and the output of the ermplifier was recorded on 2 commerciel
Yebcor tope recorder or a motion picture sound treck, as desired.

The corrcsive medium was usuelly & sodivm chloride-potassium ‘
chromate solution {pE = 9) consisting of k0 grams of BaCl and k0 grams of '

KoCrOy per liter of water. The one exception was = solution of 35 grems

b e

sodiun chioride end 20 grams of potassiun dichr-mate per liter of water

stress-corrosion failure.

_ (x8 = 3.5) which ves used to determine the effect of pH value on type of
[~ 5. Experirental Procedures
i

e. Study of Metsllurgirel Structure “

Specirens from botke production lots o the J-1 ailoy were -

prepared Detellegraghically and examined microscopically to deterrmine the
structure of {ne allov in the gs-received condition. Similar examinstions

were made after heat treating at the 650, 800, erd S00°F temperatures

l"ﬂl‘“ M,

follcwed by eiiber furnece cooling or quenching in water. These specinens
vere exposed under standard test conditions to determine the type of feilure.

b. Resclution of Sound associeted
Bith the Cracking Process

An zudlo piclm was utilized to deterrmdne iY any sourd was
associated with the cracking process of the 2lloy. In eddition, it was
— attempted to determire the exact cause of the sowrd * to correiste this
with a mechenism of crack propegetion. These noise determinaiions were i
made on &11 rum=.
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c. Evaluetion of Chznges in Rlectriial Resistance

Several attezpts were made to deternine the distence of
creck pen.iretion by seesurements of cbenge in srecimen resistence.

d. Msasurersnts of Corrosion Curresnt
a5 en Experirental Keithod

Corrosion currents were mzasured in the penner expleired
earlier between stress-corrosion specirens (enodes) end urstressed speci-
rens (cathodes) of the J-1 alloy. A1l 2lectricel leads were insulated and
an insulating layer of Scotch Rlectrizal Tape B~. 33 was appiied to the
specimen ends leavirng only ar area 0.5 inch long at the gpex of the o2nd
exposed to the snlutdion. Specimens were tested at a deflection of 0.150
inch. From a2 theoreticel celculetion, this gives & strese value of
69,000 psi. Duplicate specimens were solution-emnealed for 25 hours =t
650°7 and vater-quenched and then tested tu det. wine if the meesurements
of corrosion cwrrents were reprodncible.

e. Effect of Stress oz Corrosion Currents

A sexies of three specimens wes run to deterzdne if corrosion
awrrents generated during tesiing were deperdent wpon stress lavel. The
ihree specimens were a1l pachined fraa the seme producticn iot ani were
soluticn-annealed at 659°F far 2% hours and water-guenched. Tre specimens
were siressed to deflectiams of 0.130 inch (60,000 pei), 0.150 fnch
(69,000 psi), and 0.165 inch {78,000 psi), respectively, Corrosica
currents vere meesured in the stenderd mennper.

f. Z2ffect of Suriace Prepsration
an Corrosion vicrents

Two specimene were tested to siubstentiate the belief that
tniforzity of surfece preparation wes a criticel varieble. One specimen

7
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of low irom level was soluticn-srnealed for 2% hours at 650°F and weter-

quenckhed. Eurfece preparation was deliberetely incorrlete end consisted
only of suoesion in random direcvions with 400-grit silicon carbide paper
wnich was Just sufficient to pertially remove the oxide layer formed dur-
ing heat treatzment. The second specircen received en identicel heat treat-
nent but vas prepered using normel petellographic techniques., The speci.
rmen was then exposed t6 normal leboratory air for LOO hours in the un-
stressed condition before exposure to standard stress-corrosive conditions.

g. Bffect of Creep cn Strers-Corrosio
Busceptibility

A specipen vhich hed been subjected to the standerd §50°F,

water-quench heat ireatment vas stressed to a deflecti=m of 0.168 inch
(78,500 psi) ond aliowed to ttaxd in vacuum for %00 hours. The speciren
wes then svposed to stenderd teet ccndditiors.

h. Tect of Constant Loepding Techrmiguss
cn Carrosion Cwrrents

Several apecimens were run under copditions of ccastant

32024 rather then comstant defiection to daterpmic: if the pethod of lcad-

ing had aay effect cn the curves of corrosicm curreats plotted egainst time.

Two specimens were mechined to final dfoensions ef 5 x 0.500 x 0.050 inches.

(ne specimen wes heat ireated at 655°2 for 2 hours ard furpece-cooled,
vhile the sscond was given a 5% cold-ralling cperation followed by an
€00°F solution-ammesl with weter quenching. Botk specimens were placed in
solution on supports four inches gpart and loadxd in their centers with a
deed weight sufficient %o obtain a siress ievel of 45,000 psi. Al parts

of the spparatus vere nom-metallic 0 greveni stray gaivenic cwrrent genera-

tiocn. Corrosion cwrrenis were meesured against uastresssd cathodes of tke
J=1 =mdioyv.

P - - - - - - - e et
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i. Microscopic Upbservations and Motion Pictures

£11 rums mede; with the exception of the constant lozd
deterpiretions mentioned irmedietely above, were observed nmicroscopicelly
and stoe were recorded by motdon picture microscopy technigues et megnifi-
cations of %0x and Ox. A 16 m= "Auricon” sound moticn picture cexera wes
pounted with & beex splitter directly onto the microscope as shown im Fig. 1.
Tre Motion Picture Division of the Departmert of Photography of The Chio
Stete University assisted in the phoiogrephy.

j. The Effect of pH on Stress-Corrosion
in Seit-Chrocate Sclutions

Several specimens were prepered with single-grein bounderies
oriented neerly wensversely ecross the specimens. S=31 noiches were
filed in the grein bounderies at the specimen edges 10 iunsure creck initie-
tion et these points. Specimens were produced with furnmece-cooling end
with weter-guenching to proomote intergranuler or irensgrenuwler craching,
respectively. Both types of specimens wire eyposed in the stenderd solu-

tion of %0 g Hell and %0 g KoCrOy per liter of weter (v = 9.0) and ina

sclution of 35 g FeCl erd 20 ¢ 52&:07 per liter of wvater (¢H = 3.5)

datermine if pH hed eny effect on the type of cracking.

¥. Eifect of Veriables on Type
of Stress-Corrosion railure

in order to understend the mechanisss of both transgramular
end intergrenular feilure pore fully, e f£ina2l series of expariments wes
undertaken. Six specimens of each producticn lot were prepared by solution-
ennealing at 600, 100, end (after e 5% cold rollisg operation} SO°F for

24 hours. Three specimens hested gt eech terperature were furnece-codled




and three were weter-quenched. In this manner, the effects of iron content,
grein size, ard cooling rethod were 21l introduced as veriables. All speci-
mens vere siressed at a deflection of 0.150 inck (63,000 psi) in the stend-
ard salit-chromete solution. Microscopic cbservations, rezsurements of
corrosica currents, end determinations of sounds were mede sizultenecusly
tc be utiiized in the anelysis of results.

2. Hardness and Izpsct Resistance Values

To furtper supply & basis for mechenisrs of the two types of
stress-corrosion cracking, hardness and izpzct resistance rpeesurements were
made op cpne speciren in the 650°F furnece-cocled condition and one in the

high tecperature, sirain-ennesled, and wveter-guenched copdition.

D. RESULTS AND DISCUSSIOR

1. Study of Metellurgicel Biructure

Figure 5 shows the as-received structure of the two lots of alioy

used in the investigation. The air cooling after hot extrusion prozotes
the slight precipitate of ¥817413o &t the grain bounderies. Sclid solu-
twion rmicrosegregeticn is exhibited in both specimens ess the precipitated
Pranding® effect chows end is more pronounced in the alloy with bhigh irom
content. OGrein size was delermined to e ASTY Ho. 12 by use of the ASIY
non-ferrous grein size standsrd charts.

Tigure % shows the sitructure of Lot Hio. 45 {low iron content) efter

solution-enneeling for 2% hours et 650°F followsd by furnece-cooling or

water-quenching. It can be noted thet e heavy precipitate of 1‘317@‘112

exists in ipe furpece-cooled specimen. Crain size is still ASH Zo. 1i2.




Ho change in structure ves noted after the J00 end S00°F heat trest-

nents except that grain size increesed with ennealing terperature. At

80°P, grain size wes ASTYN Ko. 4, while & 900PF treatrent followirg 2 5%

cold-rolling operatiop produced specirens wita single or bi-crystele across
their width. The opnly difference oetween specizmens of the two lots vwhich
received identice) heet trectments wes 2 heavier grain toundary precipitate
in the lot with higher iron content

2. Resolutiorn of Sound Associeted
with the Cracking Process

Hsing tne sensitive sound detection spparatus descrided previously,
it wes deterrcined early in the invesiigation that noise wves associzted with
the stress-~corrosicn cracking. The possible causes were considered to be
evolution and ccllepse of microbtuldles of nydrogen or sctus) mechanicel
frecture. Unstressed specimens in the KeCl-XpCrOp sclutico produced a
siniler noise so that hydrcgen evcluiior wes thougnt to be the cause.
Support of this ideas was fount iz an identical poise produced by the
evolution of hydrcgen iroa zinc metel in hydrocnloric ecid. The noise of
hydrogen evelution frcn e general corrosive atteck om the specinen was
eliminated by insulating the entire specinen except for a 0.500-iack length
at the eres of maximm stress. The noilse >f hyirogen evolution fro= the
crack was negligivle when the generel evolution of hyd:ogen wes thue elimi-
nsted. In leter work it was noted that a loud crackiing moise wes produced
during stress-corrosicn of specinens wLich were susceptible oniy to trans-
gremulsr crecking. This noise was dupliceted by pechenicelly stressing to
failure & speciren vhich wes susceptitle Yo traasgrapmlar fejlure end failed

in 2 brittle memner. Ko sound was produced by stressing with ideatdcel
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%ochnicues an intergranuler-prone specizen which failed only after consider-

gvle elongation. This sound of wxechanicel fracture is considered en in-
portant Pzctor in the hypothesis concernirg & mode of transgranuler failure
which will be discussed in a later scction.

3, Bvaluetion of Chenges in
Rlectrical Resistance

The technique of meesuring chenges in electricel resistence hes
‘bean used in recent years to obtain lerge emounts of data rapidly on uni-
forz corrozion rates for long, thin specirmens. The idee should be epplic-
able to stress-corrosion testing where the effeci’ye cross secticn is
~apilly decreasing and thus the resistence of the speciren is repidly in-
creasing. The gpparstus used in this work is shown schematicelly in Pig. 5.
Measurenents of the voltege drop ecross the standard 1.000-chn resistance

k! e —— A —y ~D - n—— e 7Y ad m e
is equivelent 40 2n extremely ecouvete moscurexent o the Surrent fAGWLIng

in the systen. The measured volisge Arop &Cross ithe specimen divided vy

the current then gives the resistance of the specimen in precise tercs.

It was found thet an extremely high ratio of length to eree is required for
accurate reproducidility. The reguired ratio is izprectical for the constent
deflection technique veed irc these exgeriments and this technigue wes thus
ebandoned.

L. deesure-ments of Corrosion Current
as & Test Method

Results froz this technique appear exirexely pronising. Ike
results £ the two specirmens with identical heat treatments vhich were

stressed to the seme level of 69,000 psi are shown in Teble 2. The repro-

o e ot g an g1

dueibilicy is excellent end, cn the basis of this euperinment, oeesurements
of corrosioca currents were used extensively.

12
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5. BEffect of Stress on Corrosion Currents

Corrosion currents which esre generated by the actiocn of stress-

corrosion are deendent upon the stress level in the plestic renge. Figure 6
shows e curve of corrosion currents plotted egainst time for three svecirens

vith nozinel stress levels of 60,000, 69,000, and 78,000 psi. As the stress

is increased; tae crecking initiates more guickly, the corrosiaon current

reaches a higher mexi—am, and the specimen feils to coopletion more ouickly.

6 Effect of Surfece Preperation
on Corrcsion Currents

A speciren was exposed with deliberately incorplete surface pre-
veration and onpe was allowed tc stend unstressefg .n normel Jsboratory eir
for 400 hours before exposure to test conditions. In both cases the corro-
sion curreats gererated were erratic end not reproducible, while excessive

pitting resuited. This indicetes thet the scratches end oxide f£ilm layer

0

auce g cozplex electrochericel systenm vwhich cannet be snelyses by tonven-
tion2l techniques. The results elso ecphasize the irportence of proper
surfece preparation.

7. Bffect of Creep on Stress-Corrcsicn
Susceptibility

The speciren wvhich wes stressed to e deflecticn of 0.1fo-inch
{70,000 psi) in vacuuz for %00 hours pricr 0 testing 4id not initiate &
creck efter 30 zminuites of exposure. The specimen and holder were then re-
moved from solution end the siressing screw wes loosened. Mezsurement of

the speciren then showed thet s permeanent deflection of 0.102-inch hed been

irperted by the long stressing period. Tris indicates that creep hed been

operative 1o reduce the stress telow 2 velue at which stress-vorrosion could

-

occur under conditions of the test.

)
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8. Effect of Constant Lozding Technigues
oa Corrocion Currents

Str-3sing under constent losd cornditions subjects the specimens
to 2 more severe test then doss & constent deflection technigue. In the
constent deflection method, stresses begia et scme low level, aquickly reach
a rexirum es the speciren begirs to fail, arnd then ropidly drop off o zero
as the stresses are relieved by the widening crack. Constent loed conditions
rroduce & situstion where the stress level is constantly increesing as the
cross section of the specizen decreases. Constant deflectiom technigues
were used in the majority of this vork since they permit easier =icroscopic
exezination Resulis fro= specimens heat treated at 650 or Z00°F and
stressed under conditicns of constent loed showed a steedy increase in
corrosion current irom zero to & maxirmm velue which wes reached et the tice
of cozpletion of crecking. The speciren heated at €50°F ani furnsce-cooled -
failed in an intergrenmuler panner end showed 2 reguler ircreese of corrosion
current with tirme to a2 maxirun of 25 micro-acperes. The specirmen whick was
given a 5% cold-rolling operation followed Ty heet treetment st COO0OF end
a weter-quenchipg feiled transgranujerly and the curve of corrcsion current
versus tice showed several lerge irregularities which seer2d to correspond
with the sdvence of the creck tip ecross grain bounderies. The maxirus
value of cerrosion current for this specimen was %0 micro-srmperes. From
these results, it is ccncluded thet the cuxrve of corrosion currents reesches
a maximm at the time when siresses ecting uporn the specimen gre et e maxdmi.

9. Microscopic Observaticns and Motion Pictures
The microscopic observations, some of vwhich were pressrved in the

22t of & motion picture, were very irportent in the ettempis malde W
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understend the mechenisms of stress-corrcsion. DBoth trensgrenuler end inter-
grenular crecks were observed. The appeerance of twins as the stress con-
centration cbenged and the appeerance of slip lines were recorded on filz

as well.

The izmportent liritetion involved in microscopic exsminstion is
that the observaticn is necesserily restricted tc surface phencmenon. The
situetior in the interior of tne materiel is unknown. GHowever, es vill be
expleined leter, the use of eudio and elecwricel techmigues an corjunction
«ith microscopic technigues is thought to percit a <hree dimensionel enelysis.
For these reesons, en observed plestic deforretion "shock wave™ which pro-
begated in edvence of the crack tip is believed actuelly to be en indice-
tion of creck progress beaeath the surfece which then suidenly breaks
through the surfece leyer to appear as & lerge step in the crack asdvence.
Tnis assu=ption is based on continuocus corrosion curcsent reasurements ard
eudidle sounds.

10. The Effect of pH on Stress-Corrosion
in Sel}t-Chromate Solutions

Resulis of the large grzined specimens vhich were exposed to both
ReC3i-KoCr0y (pH = 9.0) end NeCl-KoCrOg (pd = 3.5) solutions indicete that
specimens with lerge grein size alweys feil treasgranulerly. Bven wkhen
cracking was initiated by pre-notching the specimen et 2 grain boundery
which essentielly ran at right engles across the specipen, cracking would
deviate froom the grain boundary and proceed transgranulerly. This effect

wz2s noticed in both sclutions.
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11. Effect of Variables on Type of
Stress-Corrosion Failure

Microscopic observaticns, rmeasuremesnts of corrosion current, and
audio pickup were 211 used sirultaneously aince prior experience indicated
that ccrrelation of these three test methods permitted e reliable enelysis
of the total phenomenon.

The effect of eeck variedble was evaiueted by obtaining averege
values for the corrosiorn currents of three identicel specimens with the
sexe iron content, yrein size, and cooling rate. Qualitetive observations
were made conceraing the scund produced and the picroscopic observations.

Teble 3 presents & sw—ary of ell corrosicn currents which vere
nmeesured. Measurements were made at 20-second intervels throughout the rum,
but maxicunm velues are considered to te most significant for the purpose of
analysis. The percentege of transgranuler failure wvas obteired by visuelly
counting the pumber of greins which failed in & transgranuler mapner snd
dividing by the totel muiber of greins across the spacimen width.

Several sigaificant trends were noted frco this data. The speci-
cens with the higher percenteges of transgranuler failure exhibited higher
caxica in 81l ceses. Percentege of treasgreauler feilure increesed with
higher iron content, fester cooling rate, end lerger grein size.

Although it is not showr by Teble 3, corrosicn currents of the
specimens whica feiled in & predomirantly intergranuler manner were more
reproducible throughout the run. It was noted that the curves Ior specizmens
vhich failed intergranulerly were smooth 22d reguler es shown in Fig. 7.

However, Fig. 3 shows thnt rather severe fluctustions zppeer in a cwurve for
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predeninatel; s ‘rensgranular feilure. For the purpose of illusireting this
poini, corrosion currents were read at intervals of 10 secornds to provide
e nore accurate enalysis.
it was 2150 noted that the tire to failure in the trensgranuler
crack-susceptible specimens wes proportiocnzl to the nu-ber of grairn bound-
aries crossed by the crack tip.
1t was observed nicrorcopicelly thet intergrenuler cracks advenced
et e feirly unifor= rate. Trensgraculer cracks advanced in short bursts and
eppeered to halt terporarily when the cracx tip reeched a grain boundary.
A crackling noise was detected continually during treansgranuler feilure bdut
the sound level veried comsidersbly. Durin; intergrenuler atteck, sound
wes essentislly gbsent in 21) cases. It appears thet the fluctuaticns ir )
ccrrosicn current, tke step-vice creck advance, and the varistions in sound
which are asssocieted witn tremsgremuler cracking are cooplementery. Sini-
larly, the smooth curves of corrosion curreat, the constant rate of creck
edvence, and the virtuel absence of sound during intergrenuler feilure seex
t0 correcpord with oze ancther.
12. EHardness end Impeact Resistence Values
Five deterrinetions of hardness were cade on ome specimen which
bad failed in 2 {ransgrem:ler ranner and on & specimep vhich hed feiled in
en intergreauler menner. The everege Xnoop herdness value for the first
was 32.5 end for the second wes $5.2. Cherpy irpect testing of a specimen
susceptibie to tremsgramular creciing geve e velue of 5.3 foot~pounds,
wnile the seme test of & specizen suscepiible to intergranular feilure gaeve
e value of 7.2 fcot-pounds. Both types of test indicate thet meteriel which
feils trapsgramuiarly is inherently rmore britile.
17




15. General Discussion of Results Applied

to a Proposed Mechenism for Transgranuler
Stress-Corrosion

The results of this investigation support the previously advenced
theory which indicates that different mechenisms exist for tramsgranuler

and intergranuler stress-corrosion of the Jj-1 alloy in the selt-chromete

solution. Difrerences in structure coantribute to this veristion is types

of ettack. The differences between corrosion current curves subcisntisto

the distinction between types of sttack. The sournd which is a2ssocizted

with <ransgranuler failure eand is absent during int. -granuler etteck further
expbasizes the differences of mechanisms. The relatively coastant rate of
crack propegation in specicens failing in en intergranuler menner as come
pered to the ctserved temporary cessation of crack advance at grain bound-
aries and the step-wise propagation trrough the grains during trensgranular
failure are also significant. Electrochenistry end siress are each con-
cogered to be of irportence in both types of cracking.

It is believed that stress ects cnly to pull the metal epert dur-
ing intergranulsr stress-corrosion, while electrochenicel sttack due to the
potential difference which exists between grain btoundaries and gresin
interiors csuses the rarid failure. Thre absence of sound, which is assccisted
with rmechenical failure, supports this idea.

It is not presumed that this investigetion is positive evidence
of a detailed theory of trensgranuler strecs-corrosion. However, several
noteworthy conclusions have been reached wh'ck strongly indicete a possible
mechanisn., Electrochemistry must pley en importent role in the transgranular

attack, es indicated by the corrosicn currents genersted. Toe fluctuetions

~
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in corrosion current indicate a discontinuous rate of propegation, es do
the verjations in the associated noise level. The noise produced during

failure is slso considered indicative of & predominantly mechenicel fail-

ure. This rechanical failure proceeding in & discontinuous menner could
czuse the fluctustions in corrosion current by exposing fresh eacdic metel

at verying rates. The brittleness associated with the specimens which

ere susceptible to trausgranuler feilure czn be assocated with e blocking

effect on dislocation roverent which preveats plastic deformation. The

fect that waicr-guencioing and high iron corntents have -been sssocisted sdin
both tranrg-epuler etteck susceptibility and a segregation of Feil pre-
cipitatior within the greins suggests thizv this sub-ricroscopic precipi-
tete may be responsitle for the hypothesized dislocation blocking efiecs.

Tnis precipitate has been reported to form on the basel plane. It is

rossivle that the iron present in the 2llcy may distort the lattice apd
thus provide the activetion energy necessery to aid the passege of
nagnesiuo into soluticn as ionc.

In surzery, the mechenism of ‘remsgrerular atteck would asprear

10 bte a discontinuous one of elternete steges of mecharicel feilure end

electrochemical atteck with the pechenicel stege predomineting. The func-

tion of electrochemical attack seems to be formetion of trenches until e
high stress coacentration is reached. At thai point, the pechenicel feil-
ure occurs in a britile mmnner for e finite distence until soxe pecheni-
celly strong obstruction such es a grain boundery is reeched. ZElectro-
chericel dissolution then removes the obstruction end the brittle mechanical
stege reveets itsslf. Thme britile behavicr is atiribuited w0 blocked dis-
location covezent, caused by the Feil precipitate.
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Table 1. Spectrographic Analyses of Kateriels

. 1 2w o gsi

k3 8.0 <c.01 0. . < 0.001 < 0.01
¥ 6.7 <0.01 0. .005 < 0.001 < 0.01

- Table 2. The Reprciducibility of Corresion Currents

* CGenzreted by Two Identicel Speciwens .
f T Tirce Corrosion Currents (ui)
£ - {secs.) Sveciren Ro. 2 Svecimen Ho. 2 LT
2 0 0.0 0.0
E 20 1.0 0.9
%) 1.2 1.2
N € 1.5 1.k
fo 2.0 2.2
3 ) 100 2.5 3.5
3 120 3.9 5.2 .
ik 5.0 5.1
I - 160 6.0 5.9 5.
! 1% E.7 €.7
; 200 7-3 7-5
1 . 220 1-9 7-9
20 7-9 8.1
260 6.0 8.0
. 20 7.5 7-9
§ 300 7-5 6.5
1 520 6.9 6.4
340 5.9 6.1
. 360 5.8 5.5
' i 5% 35 2.5
! 00 1.6 1.3
: 520 1.9 0.3
S 3 410 -0.9 -1.0
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Telle 3. The Effects of Iron Coatent, Grain Size, end Cooling Rates
on Ccrresion Currents Gerersted During Stress-Corrosicn

¢ Trens- ¥axiruz

grenular Heet ASTH {4 Iron Corrosion

Feilure Treawzent* Grain Size Current (u-4)
35 650°z, FC 12 0.002 8.1
%0 €50°7, wQ 12 0.002 9.9
€0 630°F, =C 12 0.905 1.6
65 85097, W 12 0.005 12.2
&0 0%7, 7 L 0.002 12.6
65 0%, ¢ k 0.005 1%.0
75 00°7F, L 0.002 ik.5
& 00°F, we L 0.905 k.7
[ o] gs, 200°%8, FC bi-crystal 0.002 1%.0
95 SA, 900°F, FC bi-erystal 0.005 1%.6
95 S8, 900°:, WQ bi-crystal 0.002 15.2
100 SA, 907, wg bi-crystal 0.005 15.6
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PART 1I. SIRESS CORRCSICH CRACKING OF AUSTRNITIC
STATILESS STEEL BY L00°F LATER CONTAINING KeCl
A. TIIVIRODUCTION

Tnis section contains work accozplished during the last quarter on
the stresg-corrosion crecking of sustenitic steinlers steels. Bxperinents
were performed in which the 'wedging action" of ecir.siun products wes
exemired. Meassuremeats of resultant stresses werz r:de by x-ray and
mechenical techiniques.

Further worx was done by electron microscor— and transmissicn fech-
niques to study soxe of the structurel espects of the stress corrosion
cracking techaique.

Also, 2 brief review of previous work is present2d. Stress-corrosion
data obtained for rcsterials other then pustcegitic stainless steels were

reported in Progress Report los. 11, 12, ana 19.

3. CSIPAARY Al CONCLUSIONS

Steinless steels exposed to sodiun chloride containing weters at
elevated tecmeratures develop lerge quaatities of inssluble corrosion
produets.

Toe izsaluble corrosion products, wher coafined, ceoy produce stresses
eufficiently nigh t0 prozote stress-corrosio. creck initietiom end prope-
gation in enneeled austeaitie steinless steel specimens.

Stresses induced by the "wedging actioa” mmy be =dditive to internal

andfor applied stresses.

Mechanicel rethods and x-rey technigues can be uced +o meconre the

stresses induced by the "wedging action” of :confined corrosion products.
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C. RESULTS AlD DISCUSSION

Results to date on “wedging ection" have shcwnr that aon-soiuble
corrosion products pley & significent role in the initiation and rropage-
tion of stress-corrcsion cracks in the austenitic steiuiwes sieels when

tnese materiels are exposed to laCl solutions at 40OCF. The nature of

the products csuses a "wedging action” in confined regioas such es pits

and cracks, producing tensile stresses st tbe bese of cevity which are
edditive to the sprdiec stresses. This wedging effect is probably the
zajor source of strecs in the case where crecki-g occurs under very low
applied stresses, i.e., crecking of the eusienitic steinless steels at

applied stress ¢’ 2000 psi.

Feesurerent of the stresses deseloped by the products is in progress.

Changes in latiice paremeter due to the intrcduction of elestic stains in
the gpecimen heve been recorded by baci-reilection x-reay examineticn in
which stresses ere celculeted froz line displecement.

A mechanicel method, besed on the deflecticn of e tiitanius alloy
beam, was also used in which corrosion products froam 2 ctainless steel
wvedge were nede to z2ct in e direction per,endicular to the titeniuxm been
axis. In other words, tne vwedge behave. :n the sape manner es the screw
in Fig. 2 of Technizel Keport Ko. 2. GZSicesses are then celculated froo
the encunt of dellection in tke titaniun Peex as a function of exposure
tine.

This study will reguire edditions) research. Experirents will be
necessary to determine the identity and properties of the corrosiuu
product, and to leern more esbout its growth in confined regicas before
the maxirum forces exerted can be determined.
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